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Materials and Methods 
Preparation of liquid cell sample  
The liquid cell contains a thin layer of solution sandwiched between two electron-
transparent silicon nitride (Si3N4) membranes at the visualization window. The details of 
the liquid cell fabrication have been widely described in previous publications (6, 7). In 
the present work, we have used a similar but simplified protocol with some 
modifications. Standard transmission electron microscope (TEM) Si3N4 windows (250 
µm × 250 µm) on a 200-µm-thick silicon frame (circular shape that fits the standard 
TEM holder) with a thin layer of gold film (~200 nm) as a spacer were used (customized 
from Norcada Inc.), where the gold film spacer does not block the electron transparent 
window (Fig. 1B). The ultrathin low-stress Si3N4 membrane is approximate 20 nm thick, 
which is deposited by low-pressure chemical vapor deposition. This guarantees the 
spatial resolution of the liquid cell to be in nanometer range.  
The preparation of liquid cells is given as follows. First, the Si3N4 window chips 
were rinsed with acetone, isopropyl alcohol, and deionized water followed by plasma 
cleaning (P ~ 3.5 W) for 30 s. The plasma cleaning is extremely important as it makes the 
Si3N4 membrane hydrophilic to aqueous solution. After that, a drop of ~5 µL aqueous 
solution with citrate capped gold nanoparticles (NPs, purchased from Nanocomposix 
Inc.) was loaded on the bottom chip with spacer, and another top chip without spacer was 
put on the surface of the liquid (see Fig. S2). Due to the tension of the liquid, the top 
Si3N4 window would rotate freely and align well with that of the bottom one 
automatically. These two well-aligned Si3N4 window chips were clamped by a tweezer, 
and the superfluous liquid was then absorbed by a small piece of filter paper from the 
side. A thin layer liquid was therefore sandwiched between the two chips with a thickness 
nearly equivalent to the spacer thickness. Finally, an epoxy adhesive (Ted Pella Inc.) was 
used to seal the side of the liquid cell. When the sealing was dried, the liquid cell was 
loaded in our four-dimensional electron microscopy (4D-EM) for measurements. The 
gold NP-dimers studied in this work were formed in the NP population due to the 
aggregation or coalescence of NPs through the photothermal effect induced by 
femtosecond (fs) laser pulses illumination (520 nm wavelength, 350 fs duration, 1 kHz 
repetition rate, fluence of 2~4 mJ/cm2).  
During the experiment, we checked each liquid cell by tilting it to different view 
angles and excluded the bad one with gas bubbles or with apparent bulges. For the good 
liquid cell with a continuous liquid layer, there may exist a little bulge when put in the 
high vacuum of TEM, owing to the large area of the Si3N4 window of the liquid cell (250 
× 250 µm2). However, the observed NP-dimer rotation only occurs in a small area of 
<1×1 µm2, the possible existence of a small bulge should not significantly influence the 
observed rotation dynamics of the NP-dimers in such a small area shown in our work.  
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Supplementary Text 
Calculation of MSAD for the NP-dimer  
 For the analysis of the statistical properties of the rotation angle of a NP-dimer, we 
performed the widely used statistical method (33) to calculate its time-dependent mean 
square angular displacement (MSAD) based on Einstein’s model. A set of snapshots at 0t
, 1t , 3t , ……, and Nt of the NP-dimer were extracted from the movie of its rotational 
dynamics with a time interval of t∆ . The rotation angle of the NP-dimer at each time 
point relative to its initial orientation at 0t  can be determined as )( 0tθ , )( 1tθ ,  )( 3tθ , 
……, and )( Ntθ , respectively. Then the MSAD at tt ∆=  is given by   
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where n is a number from 0 to N. As n approaches N, the number for data averaging 
becomes fewer and the statistics for MSAD becomes lower at longer times.  
 
Numerical simulations of random rotation 
We performed numerical simulations to explore the statistical properties of random 
rotation. Since the rotation only occurs in clockwise (negative) or counter-clockwise 
(positive) direction for the random rotation in a two-dimensional plane, and both the 
direction and the step length of the rotation are random, it is in fact a typical one-
dimensional random walk problem. Therefore, we assumed a scheme of one-dimensional 
random walk for our rotational dynamics. 
Because the experimentally retrieved exponent α  of the MSAD for the NP-dimer 
rotation strongly depends on the bias of the angular displacement distribution which is 
dominated by the morphological asymmetry of the NPs (see the main text), we performed 
numerical simulations on the MSADs of three types of random rotation with different 
biased angular displacement distributions: [0.5, 0.5] (bias of 0), [0.75, 0.25] (bias of 0.5) 
and [1, 0] (bias of 1), where in [c1, c2] the values c1 and c2 represent  the probability of 
clockwise and counter-clockwise rotation, respectively. In our numerical simulations, we 
used a random number generator to generate a random number between 0 and 1 to 
control the rotation direction of either counter-clockwise (positive) or clockwise 
(negative). The step length for the rotation, however, is controlled by another random 
number generator with a Gaussian weight. For the first case with an angular displacement 
distribution of [0.5, 0.5], the probability for either rotation direction is identical, which 
represents the conventional diffusive rotation. For the second case with a biased angular 
displacement distribution of [0.75, 0.25], the probability of the clockwise rotation is 0.75 
and is higher than that (0.25) of the counter-clockwise rotation. For the third case with a 
totally biased angular displacement distribution of [1, 0], it signifies the unidirectional 
random rotation with only clockwise rotation but no counter-clockwise rotation. 
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The numerical simulation results are presented in Fig. S11. For the angular 
displacement distribution of the random rotation without bias ([0.5, 0.5]), the MSAD is 
proportional to the number of steps N (corresponding to the time t in the experiment), 
namely, NMSAD∝ , which is in accord with the well-known prediction of Einstein’s 
theory of rotational Brownian motion, i.e. the conventional diffusive rotation. However, 
when the angular displacement distribution biases to one direction, such as [0.75, 0.25], 
the MSAD has a power dependence with the exponent α >1, which deviates from the 
result of Einstein’s model and shows a superdiffusive rotation. For the case of 
unidirectional random rotation with a totally biased displacement distribution ([1, 0]), 
2NMSAD ∝ , which displays a ballistic rotation.  
Based on our numerical simulations and experimental results, for this verified full 
transition of the rotational dynamics, the MSADs follow a power-law form of
2[ ( )]t C tαθ< ∆ >= ⋅ , (1 2)α≤ ≤ , where C is a constant, and the exponent α  depends on 
the bias of the angular displacement distribution. The case of 1α =  describes the 
conventional diffusive rotation, where 2 rC D= ( rD is the rotational diffusion coefficient); 
1α >  corresponds to the superdiffusive rotation, and the extreme case of 2α =  
corresponds the ballistic rotation, where 2rmsC ω= ( rmsω is the rms angular velocity).  
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Fig. S1. Calibration of the coincidence of the pump (fs) and the probe (fs or ns) 
pulses. (A and C) Diffraction patterns of a poly-crystallized aluminum film obtained with 
ns- and fs-probe electron pulses, respectively. (B and D) The diffraction intensity change 
of the Bragg reflection (220) as a function of the delay time obtained by ns-pump (laser 
pulse)/ns-probe (electron pulse) and fs-pump (laser pulse) /fs-probe (electron pulse) 
configurations, respectively. The pump fluence of these two measurements was 5 
mJ/cm2. The time constants of 9 ± 2 ns and 13 ± 2 ps, respectively, were obtained from 
the exponential fit. 
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Fig. S2. Protocol for liquid cell preparation. (A) After Si3N4 window chips were rinsed 
with acetone, isopropyl alcohol, and deionized water and followed by plasma cleaning (P 
~ 3.5 W) for 30 s, a drop of ~5 µL aqueous solution with the gold NPs was loaded on the 
bottom chip. (B) Another top chip without gold film spacer was put on the surface of the 
liquid, which would rotate freely and align well with that of the bottom one automatically 
due to the surface tension of the liquid. (C) These two well-aligned Si3N4 window chips 
were clamped by a tweezer and the superfluous liquid was absorbed by a small piece of 
filter paper from the side. Then an epoxy adhesive was quickly used to seal the side of the 
liquid cell by using a needle under an optical microscope. 
 
 
 
 
  
Fig. S3. Photograph (A), overall micrograph of the whole window (B) and the zoom 
in image (C) of the liquid cell. 
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Fig. S4. Magnitude of the rotation angle at early (10 ns) and later (90 ns) times. 
These two data points are shown in Fig. 3A (in the main text). The scale bar is 200 
nm. 
 
 
 
 
 
Fig. S5. Single-shot imaging of NP-dimer fusion dynamics. (First column) Continuous 
e-beam image of the initial NP-dimer shown as a reference (without laser excitation). 
(Second and third columns) Single-shot images of the NP-dimer before and at a delay of 
45 ns after the pump pulse (J = 48 mJ/cm2, above the melting threshold of gold NPs), 
respectively. (Last column) The difference images obtained by subtracting the single-shot 
image before the pump pulse from that at the 45 ns delay. Negative and positive contrasts 
are indicated by blue and red, respectively.  
Under the high laser fluence above the melting threshold, the NP-dimer fuses into a 
bigger spherical particle in 45 ns after the laser pulse. This result confirms the strong 
local photothermal effect. It demonstrates that the configuration of the NPs in aqueous 
solution can be efficiently controlled in situ by controlling the fluence, the time window 
and the sequence of ultrashort laser pulses. 
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Fig. S6. Rotation of a gold NP-cluster induced by a single fs-laser pulse (see also 
Movie S2). (First column) Image of the gold NP-cluster before laser pulse excitation. 
(Second to fourth columns) Snapshots of the gold NP-cluster at different times after a 
single fs-pulse excitation (fluence 20 mJ/cm2). The blue dash lines show the initial 
orientation of the NP-cluster, while the red dash line shows its final orientation after the 
single pulse excitation. The white arrows indicate the steam nanobubble (NB) induced by 
the fs-laser pulse heating of the gold NP-cluster, which actuates the rotation the NP-
cluster. Because of the high laser fluence and the strong absorption of the NP-cluster and 
thus the huge photothermal effect, a big NB is generated near the NP-cluster. The rapid 
nucleation and expansion of the NB induce a force and torque on the NP-cluster and 
actuate the rotation. This rotation process is very fast as it is almost complete in the first 
snapshot (0.5 s). However, the NB takes 1~2 s to vanish due to its big size and the 
continuous heat dissipation from the hot NPs.   
 
 
 
 
Fig. S7. Trajectory of the center of mass of D1 dimer under fs-laser illumination 
(repetition rate 1kHz, fluence 2.4 mJ/cm2) from 0 to 27 s (see also Movie S3). Scale 
bar is 100 nm. 
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Fig. S8. Trajectories of the center of mass of D2 and D3 dimers. (A and B) Typical 
snapshots of D2 and D3 dimers under fs-laser pulses (repetition rate 1 kHz, fluence 2.4 
mJ/cm2) illumination at different times (see also Movies S4 and S5). The red-blue arrows 
show the orientations of the dimer at different times, and the pink arc arrows indicate the 
rotation directions. (C and D) Trajectories of the center of mass of D2 (from 0 to 52 s) 
and D3 dimer (from 0 to 68 s). Scale bars in the insets are 100 nm.  
9 
 
 
Fig. S9. Translational MSD of D1 dimer as a function of time. In the time range up to 
10 s, the measured MSD linearly increases with time in the log-log plot with a slope of 
~1.09, i.e. 09.1NMSD ∝ , which exhibits approximately normal diffusion behavior with 
the diffusion coefficient of ~ 31.1 10×  nm2/s. This diffusion coefficient is four orders of 
magnitude greater than that of the gold NPs without laser excitation (22). 
 
 
 
Fig. S10. Trajectory of the center of mass of the highly asymmetric D3 dimer under 
a higher laser fluence of 3.2 mJ/cm2 (from 0 to 65 s). Scale bar is 100 nm. 
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Fig. S11. Theoretical simulations of random rotation with different biased angular 
displacement distributions. (A) The angular displacement distributions of three types of 
random rotation with different biased angular displacement distributions of [0.5,0.5], 
[0.75, 0.25] and [1, 0], respectively (see Supplementary Text). (B) The MSADs of these 
three kinds of random rotations as a function of steps number N (corresponding to the 
time t in the experiment), respectively.  
  
11 
 
Movie S1 
Rotation of a gold NP-dimer induced by a chain of fs-laser pulses excitation (fluence 4.5 
mJ/cm2, repetition rate 1 kHz). 
 
Movie S2 
Rotation of a gold NP-cluster induced by a single fs-laser pulse excitation (fluence 20 
mJ/cm2).  
Movie S3 
Rotation of D1 dimer induced by 1 kHz fs-laser pulses excitation with a fluence of 2.4 
mJ/cm2. 
 
Movie S4 
Rotation of D2 dimer induced by 1 kHz fs-laser pulses excitation with a fluence of 2.4 
mJ/cm2. 
 
Movie S5 
Rotation of D3 dimer induced by 1 kHz fs-laser pulses excitation with a fluence of 2.4 
mJ/cm2. 
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